The phonon propagation dynamics in a phononic crystal waveguide, realized via a suspended one-dimensional membrane array with periodic air holes, is investigated as function of its geometry.
I. INTRODUCTION
Phononic crystals (PnCs) have emerged as novel platform in which the phonon propagation dynamics can be controlled [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . PnCs are usually composed from a periodically modulated elastic media with the period determined by the wavelength of the corresponding phonon waves. The long range periodic modulation in these structures results in phonon standing waves to be established that give rise to phonon bandgaps. This concept was first put into practice in the macroscopic regime within a two-dimensional (2D) periodic arrangement of stainless steel cylinders which could block sound waves at frequencies corresponding to the bandgap 2 . The ultimate evolution of this concept has led to the development of 2D PnCs which consist of a 2D periodic arrangement of air holes typically in a silicon crystal [6] [7] [8] [9] 13 . The 2D PnC can not only completely block phonons at the bandgap frequencies but the introduction of point and line defects, by modulating the air holes, even enables phonons to be guided and trapped within these structures. Indeed this platform can control different flavors of phonons i.e. ultra-/hyper-sound 7, 8, 13 and even heat 1, 14 and their high confinement efficiencies have enabled concepts such as phonon multiplexing to be established for signal processing applications 7 . The key to accessing such advanced functions is underpinned by the phonon dispersion relation in these structures which can be engineered by careful design of the 2D periodic air hole matrix.
More recently, a variation of 2D PnCs has been developed in PnC waveguides (WGs) where phonons are confined and guided via a one-dimensional (1D) array of suspended electromechanical membranes 12 . In contrast to 2D PnC WGs, where phonons are confined within the line defect defined WG via the phonon bandgap of the surrounding 2D PnC, the phonon confinement in the 1D PnC WG is achieved by the acoustic impedance mismatch between the suspended membrane and the local bulk environment. However, the periodic air hole array used to suspend the membranes imparts a periodic elastic potential that is experienced by the phonon confined within the WG and it results in the emergence of phononic bands, bandgaps, slow phonons and even nonlinear dispersion which can broaden the phonon packets in the WG. However in spite of their richness, a detailed physical understanding of these effects and how they can be harnessed, akin to 2D PnCs, remains elusive. Indeed such knowledge holds the tantalizing promise of greatly enhancing the functionality of the PnC WG architecture. For instance, photonic crystals represent the apex of such engineered 2 structures in which photon dispersion relations are designed by tuning their periodic refractive index structure [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . This in turn enables a whole range of optical phenomenon to be controllably accessed including four wave mixing 22, 23 , supercontinuum generation 26,27 and even soliton formation 24, 25, 28 for a multitude of applications.
To that end, the purpose of this study is to elucidate the key physical parameters of the PnC WG architecture that enables the phonon dispersion relations to be designed for a specific application. These systematic experimental investigations, underpinned by finite element method (FEM) analysis, reveal that by adjusting both the waveguide and air hole geometry enables the phononic transmission bands, phonon bandgaps, phonon velocities and the nonlinear dispersion to be fully controlled in the PnC WG. Furthermore, these studies not only show the availability of energy degenerate phonon bands, which can be resolved in temporal measurements, but they also indicate the conditions needed to selectively activate them thus adding a completely new and hitherto unconsidered functionality to the PnC architecture.
II. EXPERIMENT
The 1D PnCs reported in this study are shown in Fig. 1 (a) and were synthesized from an epitaxially grown single crystal GaAs/AlGaAs heterostructure as detailed in Fig. 1(b) .
From this substrate, 3 PnC WGs with different hole pitches (a) of 8, 10 and 12 µm were fabricated on the same chip as shown in Fig. 1(c) . In total 3 chips were prepared each sustaining 3 WGs of fixed widths (w ) of 22, 29 and 34 µm, which yielded 9 different PnC WGs that were investigated.
Specifically, the PnC WGs were fabricated by first patterning a mesa structure on the heterostructure via photolithography that was subsequently wet etched using a
The mesa structure was exposed to a height of approximately 500 nm in order to eliminate electrical cross-talk between the neighboring PnC WGs through the Si-doped GaAs layer. Next, electrodes were patterned at the edges of the WGs via photolithography and were deposited with gold using the lift-off technique. The experiments were then performed at room temperature and in high vacuum (∼ 2 × 
III. RESULTS AND DISCUSSIONS
A. Spectral response First, in order to evaluate the bandstructure as function of the PnC geometry, the transmission of all 9 PnC WGs were spectrally measured via the protocol depicted in Fig. 1 
(a).
The spectral responses of 3 WGs with (w , a) = (22, 10), (29, 12) and (34, 8) 33, 34 . Although the spectral transmission measurements are unable to clearly resolve these higher order bandgaps as they are located far from the Brillouin zone 5 boundary, surprisingly the temporal measurements detailed below can do so.
B. Phononic bandgap
The spectral transmission measurements in all 9 PnC WGs enable both the cut-off frequency (described above) and the phonon bandgap to be systematically evaluated as function of the WG's geometry and are summarized in Figs. 3(a) and 3(b) respectively.
This analysis unsurprisingly reveals that the spectral positions of the 1st bandgap is strongly dependent on the WG width and the hole pitch length as shown in Fig. 3(b) .
Specifically, reducing the hole separation gives rise to shorter wavelength standing waves in the WG thus yielding a bandgap at higher frequencies, whereas the WG width determines the spectral position of all the phonon branches as referenced to the cut-off frequency detailed in Fig. 3(a) . Indeed the FEM simulations confirm the former trend as shown by the solid line in Fig. 3(b) for a PnC WG with w = 29 µm whilst a is continuously varied from 7 to 13 µm. The spectral width of the 1st bandgap also shows an inverse correlation with the hole separation. However this trend is not captured by the widest WG with a = 8 µm as a consequence of the emergence of the 3rd branch which overlaps the 1st bandgap as described above.
Somewhat surprisingly, the spectral position of the 2nd bandgap also reveals a stronger than expected correlation on the hole separation even though this bandgap arises from the interaction between the phonon modes in the 3rd and 5th branches. However as the hole pitch is reduced for a given PnC WG width, all the phonon branches migrate to higher frequencies which consequently results in the anti-crossing between the 3rd and 5th branches also occurring at higher frequencies. Again this trend is confirmed by the FEM analysis as
shown by the dotted lines in Fig. 3(b) .
Consequently these systematic analyses reveal that the spectral positions of the bandgaps and somewhat generally their spectral widths can be tailored by simply controlling the hole pitch in the PnC WGs.
C. Temporal response
In order to gain a deeper understanding of the phonon propagation dynamics in the 1D
PnC WGs, temporal measurements are also performed. In Fig. 4 , the spatially mapped phonon propagation in device 2 in response to a rectangular shaped input pulse of 2 µs duration is shown. This measurement is executed with a pulse frequency of 5.6 MHz at which phonon modes sustained by the 3rd dispersion branch are activated as detailed in Indeed this group velocity dispersion (GVD) can also broaden the phonon pulse packet as it travels down the PnC WG as detailed below.
In contrast to devices 1 and 2 where the extremities of the 1st bandgap could be identified from the phonon slowing, such unambiguous identification of the bandgap in device 3 was not possible. In fact the temporal measurements indicate the existence of an interference like 7 response in this spectral region which is also observed in the spectral measurements depicted in the inset to Fig. 2(c) . These observations can be understood from the FEM simulations (also shown in Fig. 2(c) ) which indicate that the 3rd dispersion branch overlaps with the 1st bandgap. Consequently the suppression of modes A and B (see Fig. 2(d) ) in parallel with the availability of mode D (see Fig. 2(d) ) and the subsequent overlap of their modal profiles gives rise to the complex temporal response observed in this device for frequencies in and around the bandgap. It should be noted that in contrast to the spectral measurements, the bandgap region in device 3 could be more easily identified in the temporal measurements due to this highly pronounced interference effect.
D. Group velocity
The time of flight measurements detailed above also enable the group velocity to be quantitatively extracted. Specifically, the first fringe corresponding to a one way trip in the PnC WG is Gaussian fitted at a given frequency. The group velocity at this frequency can (see Fig. 6 (c)) where k 2 is negligible and thus the corresponding group velocity is more explicitly defined. As a result the reflection fringes at this frequency also exhibit clearly defined waveforms without any broadening as shown in Fig. 6(f) . Similar observations are also made in devices 1 and 2 at 7.5 MHz as detailed in Fig. 6 (d) and 6(e). Consequently, designing the phonon bandstructure by simply tuning the geometry of the PnC WG enables not only the phonon group velocity at given frequency to be selectively adjusted but the corresponding waveforms can also be modified on demand via the nonlinear dispersion.
Most interestingly, the temporal measurements shown in Fig. 5(c) clearly reveal the existence of 2 different reflection fringe profiles with different curvatures above 6 MHz (where this new fringe is highlighted in pink). Since this effect is most clearly observed with the 2 µs input pulse (left panel in Fig. 5 (c) and lower panel in Fig. 6(f) ), their temporal waveforms are selectively fitted with 2 different Gaussians. This analysis reveals the existence of 2 different group velocity profiles above 6 MHz in device 3 as shown in Fig. 6 (c). As described above, at these frequencies the 3rd dispersion branch interacts with the 5th dispersion branch and the resultant anti-crossing modifies the 3rd branch so that it can sustain 2 distinct phonon modes (B and D shown in Fig. 2(d) ) with different wavevectors but at the same frequency. Indeed the above analysis indicates that the additional fringe structure (see lower panel in Fig. 6 (f)) yields slower group velocities which correspond to phonons in the 3rd branch whose mode profile is described by D (see Fig. 2(d) ). On the other hand, the faster group velocities at these frequencies correspond to phonons whose mode shape is described by B in Fig. 2(d) from the 3rd branch as in devices 1 and 2.
The combination of temporal measurements in the PnC WGs with the FEM derived bandstructure provides a powerful approach to investigating phonon dynamics in this platform.
Indeed these investigations have even opened up the path to identifying different phonon modes within a particular dispersion branch. This new degree of freedom, where different vibration modes are available at the same frequency, is akin to engineering the orbital angular momentum of photons to increase the information throughput at the same frequency in optical fibers 36, 37 . Consequently, these investigations bring forth the exciting prospect of geometrically engineering PnC WGs so that their bandstructure can sustain multiple vibration modes at the same frequency which in turn can be identified from temporal measurements via for example their different group velocities. If such functionality can be harnessed in the PnC WG architecture it will not only make the concept of phonon circuits more tantalizing but it will also open up new directions in phononics.
IV. CONCLUSION
The 1D PnC WG architecture is systematically investigated as function of its geometry via a combination of spectral and temporal measurements in conjunction with its bandstructure extracted from FEM simulations. These investigations reveal that the cut-off frequency, the spectral position and width of a given phonon band and the bandgap in the PnC WG can be controlled by simply varying the width of the WG and the pitch of the holes used to suspend the membranes. Consequently, the speed of phonons and even their temporal profile can be controlled via the GVD at given frequency by appropriately engineering the WG geometry in accordance to the bounds extracted in this report. Furthermore, the FEM simulations also indicate that phonons in only certain dispersion branches can be activated as consequence of the position of the piezoelectric transducers on the PnC WG. Indeed this analysis provides design directions in future devices where multiple piezoelectric transducers will be incorporated to selectively activate phonons in a particular dispersion branch. Most unexpectedly, the tension induced interaction between dispersion branches not only results in the creation of new bandgaps but the highly modified branches also sustained different wavevector vibration modes which coexist at the same frequency. Although the spectral mea-surements could not resolve these degenerate states, the temporal measurements uniquely could discriminate between the coexisting phonon modes in a given dispersion branch via their differing group velocities.
Consequently, this study vividly indicates that the combination of the FEM simulated bandstructure in combination with temporal measurements are the key to ascertaining detailed knowledge of the phonon dynamics in the PnC WG architecture. Ultimately these investigations have yielded insights into the relationship of the WG's geometric parameters to its underlying bandstructure which can now be harnessed to engineer and exploit both the well-known phonon dynamics and the more exotic phononic degrees of freedom arising from the nontrivial bandstructure in PnC WGs. 
